Stand-level retention is an important component of sustainable forest management which aims to balance ecological, social and economic objectives. Long-term retention of mature forest structures at the time of harvesting (variable retention) is intended to produce future forest stands that more closely resemble conditions that develop after natural disturbances, thereby maintaining greater diversity of habitats for a variety of organisms. Structure includes features such as live and dead trees representing multiple canopy layers, undisturbed understory vegetation and coarse woody debris. Over the past two decades, variable retention has become common on forest lands in the temperate rainforests of coastal British Columbia (BC) and has been applied to a lesser extent in inland forest types. Our review of studies in BC and in similar forest types in our region indicates that both aggregated and dispersed retention can contribute to biodiversity conservation by providing short-term 'life-boating' habitat for some species and by enhancing the structural characteristics of future stands. For example, greater abundance of species present in the pre-harvest forest have been documented for vegetation, birds, carabid beetles, gastropods, ectomycorrhizal fungi and soil fauna in retention cutblocks compared to clearcuts. There are, however, some negative consequences for timber production such as wind damage to retained trees and reduced growth rates of tree regeneration compared to clearcuts. The authors suggest an adaptive management approach for balancing competing objectives when faced with uncertainty. This includes monitoring the implementation and effectiveness of various strategies for achieving goals. Over two decades of experience applying variable retention harvesting to industrial-scale management of forest lands in BC suggests that it is possible to balance production of wood with biodiversity conservation.
Background
Forest ecosystems and associated species have evolved in response to climate, other biophysical attributes and a range of natural disturbances at various temporal and spatial scales. Ecologically based forest management aims to conserve biological diversity and forest productivity, in part, by using natural disturbance patterns and processes to guide stand-and forest-level interventions and resulting vegetation structures (e.g. Hunter 1990 ).
The foundations and principles of ecological (i.e. ecosystem based, ecologically based, etc.) forest management have several origins (D' Amato et al. 2017 ) but this approach has been most recently articulated in a comprehensive manner by Franklin et al. (2018) . Palik and D' Amato (2017) discuss the importance of understanding the distinction among terms for these approaches that foresters may use carelessly. As a hierarchy, ecological forestry is a framework of ecological principles and goals, natural disturbance emulation is a strategy and retention harvesting is a practice. In the past 30 years, various approaches to ecologically based forestry have become common in the province of British Columbia (BC), Canada as part of sustainable forest management systems that aim to integrate environment, social and economic goals, often guided by forest certification schemes (van Kooten et al. 2005) .
Compared to other parts of the world, commercial use of BC's forests progressed from exploitation to a highly regulated and ecologically based framework in a relatively short period of time, notwithstanding millennia of forest use by indigenous peoples using traditional ecological knowledge (Chisholm 2013) . Here, we provide a very brief account of this transition. Industrial-scale logging increased rapidly in BC during the 1950s through 1970s with the government's expansion of volume-based licenses to forest companies in public sustained yield units (now timber supply areas) and area-based tenures such as Tree Farm Licences (BC Ministry of Forests and Range 2012). Harvest levels peaked in the middle 1980s, except for spikes in more recent years due to salvage harvesting from mountain pine beetle mortality (Environmental Reporting BC 2018) . Eventually, the desire for other values from forests besides timber led to a clash with large-scale clearcutting in the late 1980s and early 1990s. Alternatives to clearcutting became a focus of research in the early 1990s throughout BC (Arnott and Beese 1997; Vyse et al. 2005; Wiensczyk 2012 ). In the summer of 1993, protests against logging in Clayoquot Sound (a 350,000 ha region on the west coast of Vancouver Island) under a BC government land use decision became the largest act of civil disobedience in Canadian history with over 850 people arrested (Tindall and Robinson 2017) . Part of the BC government response was to set up the Scientific Panel for Sustainable Forest Practices in Clayoquot Sound (aka Clayoquot Scientific Panel or CSP), whose mandate was to 'develop world-class standards for sustainable forest management by combining traditional and scientific knowledge' (CSP 1994) . The panel included academic specialists as well as four indigenous members from the Nuu-chah-nulth First Nations. One of the panel's recommendations was to leave a portion of the original forest stand behind during harvesting using a more ecologically based approach to harvesting and silvicultural systems it called variable retention 1 (CSP 1995) . The BC government introduced the Forest Practices Code in 1994, which set stand-and landscape-level retention targets for BC public forests (Province of BC 1995) .
In 1998, MacMillan Bloedel, one of the region's largest forest companies at the time, adopted a strategy to replace conventional clearcutting with variable retention and to increase conservation of old-growth forests. Other companies in BC followed, adopting variable retention for varying proportions of their harvesting, especially in coastal old-growth forests. BC's publicly owned forests remain a significant source of industrial wood through long-term forest management licences with forest companies. Forest stewardship plans approved by government must manage resources for multiple economic, social and environmental values. While stand-level retention has become an important strategy for helping to achieve biodiversity conservation goals, such as 'life-boating' of mature-forest species and structural enrichment of future stands, there are potential conflicts with the traditional goals of silviculture and timber management. The authors believe that it is timely to assess the outcomes of variable retention in BC now that many initial effects are known. Although our focus is regional rather than global, BC provides a useful case-study for other jurisdictions because of the large number of hectares harvested using variable retention.
The objectives of this paper are to (1) summarize the application of variable retention in British Columbia over the past 20 years, (2) describe adaptive management and monitoring initiatives that were established to evaluate the outcomes of the approach and (3) review the findings from monitoring and research to assess whether or not the goals of variable retention are being achieved.
Origins and goals of variable retention
Variable retention is based on the pioneering work with 'green tree retention' in the Pacific Northwest region of the USA that was described by Franklin et al. (1997) . The variable retention approach maintains structural elements of the pre-harvest stand throughout a harvested area to achieve specific objectives. Variable retention follows a natural disturbance-based management paradigm-recognizing the importance of structural complexity to forest ecosystem function and biological diversity. Live and dead trees of varying sizes and canopy layers, and coarse woody debris are retained as habitat for a host of organisms. Of particular focus is the maintenance of biological legacies when harvesting older forests (Lindenmayer and Franklin 2002; Beese et al. 2003; Franklin et al. 2018) .
Naturalistic silvicultural systems that attempt to maintain natural forest structure and dynamics are not new to forestry and have long been recognized as a means for reducing economic and ecological uncertainty (e.g. Bruenig and Klemp 2000) . For example, the single tree selection system has been used to regulate yield and maintain continuous cover in uneven-aged forests for over 100 years. In the classical silvicultural systems (i.e. patch, clearcut, seed-tree, shelterwood and selection), maintaining or improving yield by enhancing conditions for regeneration and improving the quality of the growing stock are paramount. In variable retention stands, the retained trees may be very old, of poor timber quality and low vigor, with features that increase their value for wildlife habitat. Overstory influence is retained over the majority of the opening throughout the rotation, even at the expense of the growth and vigor of regeneration and sapling layers (Mitchell and Beese 2002) . Multiple age classes may be retained, not to balance age class distribution, but to emulate age class distributions typical of natural disturbances.
Global application of retention forestry
Retention has been applied in many forest types around the world . The most widespread use has been in western Canada and the USA, Australia (mostly Tasmania), Argentina and Europe (particularly the Nordic countries) with documented benefits for conservation of biological diversity in forest stands during the initial years following harvesting (e.g. Rosenvald and Lõhmus 2008 , Aubry et al. 2009 , Craig and Macdonald 2009 , Baker and Read 2011 , Fedrowitz et al. 2014 , Soler et al. 2016 . Lindenmayer et al. (2012) present a case for widespread adoption of the retention approach to meet sustainability goals for the vast majority of the world's forests that are outside of formal protected areas and are not intensive forest plantations. They argue that an intermediate approach between protection and plantations, which integrates multiple values, is broadly applicable to diverse forest types and is an essential supplement to large protected areas.
Retention silvicultural system in BC
A variety of terms and uses appear in the literature on stand-level retention. In BC, we make a distinction between the terms variable retention (VR) and the retention system. We use variable retention to describe the overall approach to forest harvesting that requires long-term retention of trees and associated habitat. VR can utilize traditional silvicultural systems, such as shelterwood or selection, to meet forest regeneration objectives. We use the term retention system to refer to a specific silvicultural system designed to meet the goals of VR, which was originally defined in the BC Operational Planning Regulations (FPC 1999) . This silvicultural system has three requirements: (1) retained trees are distributed over the area of the cutblock, (2) standing trees are left for the long term (at least one rotation) and (3) distribution of leave trees achieves > 50% 'forest influence' (i.e. the area surrounding a tree or forest edge with a radius equal to the tree height). This new silvicultural system acknowledges that retention of trees and other structural attributes of forests for purposes other than tree regeneration and timber production are legitimate goals of forest management (Mitchell and Beese 2002) . The two main variants of the retention system are group (or aggregated) and dispersed. For safety, economic and ecological reasons, aggregated retention is often preferred; however, both variants and mixed approaches may be used to meet specific objectives (Franklin et al. 1997 (Franklin et al. , 2018 . The retention system normally uses a one-pass harvesting approach, but may also be prescribed with several harvesting entries using a wide range of logging systems, including ground-based, cable and helicopter (Beese et al. 2003) .
We also use the term clearcut with reserves-a modification of traditional clearcutting where trees are retained within or adjacent to the cutblock (Helms 1998) . This approach differs from the retention system in two ways: (1) there is no spatial distribution requirement for the reserves, so they generally do not meet the > 50% forest influence rule; and (2) the reserves need not be left for the long term. Some view the term 'clearcut with reserves' as an oxymoron which does not clearly convey the management intent. In practice, because clearcut with reserves usually does result in long-term retention, it can be an effective tool within a landscape-level biodiversity strategy. Where at least some long-term reserves are distributed within the cutblock, the approach can be quite similar to the retention system in both appearance and function.
Overview of variable retention implementation in BC

Forests and forest policy context
British Columbia has diverse biomes, including coastal and inland temperate rainforests, dry intermountain plateaus, subalpine and alpine areas and sub-boreal and boreal forests. The province's ecosystems are classified into 16 zones and numerous subzones and variants using the biogeoclimatic ecosystem classification system (Klinka et al. 1991) . Forests cover 58% of the total land area of BC (55 of 95 million ha). The forests are 83% coniferous, dominated by lodgepole pine (Pinus contorta Douglas ex Loudon), spruce (Picea spp.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and true fir (Abies spp.) in the drier inland (interior) forests, and Douglas-fir, western hemlock (Tsuga heterophylla (Raf.) Sarg.), true fir, western redcedar (Thuja plicata Donn ex D. Don) and Sitka spruce (Picea sitchensis (Bong.) Carr. in the rainforests (BC Ministry of Forests, Mines and Lands, BCMFL 2010). The diverse forest and alpine tundra ecosystems of BC are characterized by five natural disturbance types, which use the frequency of standinitiating or stand-maintaining events to classify forests (Province of BC 1995) . Natural forests on the BC coast are typically influenced by infrequent or rare standinitiating events, while forests in the BC interior have a significant proportion of forests with frequent standinitiating events or frequent stand-maintaining fires.
Under Canada's political system, most forest classified as productive and available for timber harvesting in BC (24 million ha) is administered by the Provincial government (92%) with very little Federal land. There are a growing number of areas managed by First Nations (indigenous peoples). About 8% of BCs productive forests are privately owned. The ten largest forest companies in BC have 42% of the harvesting rights on public land (BCMFML 2010) . About 14% of BC's forests (7.6 million ha) are in formal Parks and protected areas and 59% of the protected forest area is forest > 140 years old. About 23% of all forests over 250 years old are protected, and an estimated 50% of all forest > 140 years old will not be harvested (BCMFML 2010) .
The BC Forest and Range Practices Act (BC-FRPA 2002) and associated regulations governing public land require average stand-level wildlife tree retention of at least 7% of the area of cutblocks harvested over a 1-year period, with a minimum of 3.5% in any single cutblock; minimum coarse woody debris levels are also required (FPPR 2004) . Some regional land-use plans require 15% stand-level retention (e.g. Clayoquot Sound, Great Bear Rainforest). In addition, Old Growth Management Areas, riparian reserves and numerous reserves for wildlife and other resource values are required at the landscape level. Old-growth reserve requirements vary from 7 to 28% based on natural disturbance type and biodiversity emphasis zoning (Province of BC 1995) . Individual companies may set voluntary targets for higher levels of retention under Forest Stewardship Plans, to meet or exceed certification requirements, or apply scientific results to maintain biodiversity. Over 50 million ha of BC's forest land is certified under independent sustainable forest management systems (Forest Products Association of Canada 2019). The three major systems are the Canadian Standards Association (CSA), Sustainable Forestry Initiative (SFI) and Forest Stewardship Council (FSC) . Retention is a key component of the criteria and indicators for harvesting practices. Certification and streamside tree retention requirements are the primary influences on retention practices of private forest owners, governed by the Private Managed Forest Land Act (2003) .
The variable retention approach is primarily implemented using the 'retention silvicultural system' (FPC 1999) and 'clearcut with reserves' as defined above. Aggregated (group) retention is the most common application of the approach, although single dispersed trees are often left in combination with aggregates. Aggregate size is typically 0.25-1 ha, anchored on riparian areas (required buffers) or other important ecological features. Retention must remain for at least one rotation, but the intention is that most will never be cut. Typical retention levels average 20% in coastal rainforests, and less in interior forests, not including landscape-scale reserves.
History of VR adoption and spread in BC
The announcement in June 1998 by MacMillan Bloedel (MB) that it would use VR for virtually all forest harvesting-at the time the largest forest company operating on the BC coast-shocked the forest industry (Chipello 1998 ).
Prior to this time, partial-cutting silvicultural systems had been rarely employed in either the second-growth or oldgrowth forests of the BC coast by large companies; they were largely regarded as experimental or used by small woodlot owners (Arnott and Beese 1997; Macy 2011) . Following MB's lead, other forest companies in coastal BC adopted VR for varying proportions of their harvesting. Weyerhaeuser purchased MB in 1999 and continued phase-in of the VR approach throughout its BC coastal operations over a 5-year period, completing over 90% of harvesting using VR in 2003. After several changes in ownership and a merger of three companies, use of VR has continued under Western Forest Products Inc. (Western) as part of the 'Western Forest Strategy' for managing over 1.6 million ha of forest land on the BC coast (Western 2018) . Through 2018, more than 96,600 ha have been harvested using the retention system on Western's and predecessor companies' private land and public tenures (Fig. 1) . The drop in total harvested area and the percentage of the retention system used from 2007 to 2009 reflects the change in landbase resulting from company mergers, reduced overall harvesting due to poor market conditions and a revised strategy. Implementation and monitoring showed that the retention system was not suitable for all sites (e.g. extensive damage to retention in windward areas, and high costs on cable harvested sites), so the 100% retention system (i.e. no clearcutting) goal was replaced with regional and ecosystem-based targets. The retention system continues to be used for about 60% of Western's harvesting-more than double the coastal average. The use of stand-level retention has risen steadily over the past 20 years in BC (Fig. 2) ; however, most has been done using clearcut with reserves rather than the retention system. For all of BC (1998 BC ( -2017 , 3.4% of harvesting on public lands used the retention system, 4.4% used other forms of partial cutting (i.e. seed tree, shelterwood, selection, thinning), 62% clearcut with reserves and 30% clearcut . About 95% of the area harvested using the retention silvicultural system has been on the coast, which is roughly one-third of BC's forest area. For the BC coast, 29% (64,828 ha) of harvesting on public lands used the retention system over the 12-year period 2006 through 2017. The use of conventional clearcutting has gone from 88% of the BC public land harvest in 1998 to 14% in 2017. The difference in adoption of variable retention and retention system terminology between the BC coast and interior can be attributed to less public pressure on clearcutting and old-growth issues, and larger, more frequent natural disturbances (e.g. fire, insects) within interior regions. This is illustrated by the different maximum clearcut sizes allowed under BC regulations (40 ha, coast; 60 ha, interior; FPPR 2004) . Actual average cutblock sizes in BC are considerably smaller than the maxima (16 ha, coast; 23 ha, all of BC; Province of BC 2019). Also, not all foresters in Canada have embraced the new terminology (Groot et al. 2005 ).
Application of variable retention under special land use plans
Standards for application of VR vary from BC provincial defaults where there is a 'higher level' regional land use plan, such as in Clayoquot Sound. The Clayoquot Scientific Panel prescribed minimum retention levels for areas without significant values for resources other than timber (15%) and high levels (70%) for areas with significant non-timber values or sensitive features (CSP 1995 (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and Western Forest Products (2007 in BC Coastal forest operations. Total area through 2004 includes private lands (now Island Timberlands). Group = aggregated retention with groups predominantly 0.25 ha or larger; Dispersed = single trees or small clusters of trees spread across a cutblock; Mixed = both group and dispersed retention in the same cutblock; Other = patch cut, shelterwood or selection systems (with long-term reserves). Retention type was not tracked after 2008 because nearly all VR was aggregated retention Fig. 2 Area harvested by silvicultural system over 20 years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) on BC public lands. 'Partial cutting' includes seed tree, patch cut, shelterwood and selection systems, and intermediate cuts (e.g. thinning) . Data from the Province of BC, Silviculture Statistics (https://www2.gov. bc.ca/gov/content/industry/forestry/managing-our-forest-resources/silviculture/silviculture-statistics) (accessed 15 Mar 2019) practices (Province of BC 2008) . In the years following the CSP report, implementation of harvesting was slow because of new planning requirements. The CSP recommendations and subsequent adjustments reduced the allowable annual cut (AAC) from 900,000 m 3 to 290,000 m 3 , largely due to the 61% of the forested landbase reserved from harvesting. About 88,000 m 3 were harvested annually (roughly 130 ha/year) between 1996 and 2008 in Clayoquot under the variable retention guidelines, significantly below the AAC (Mychajlowycz 2010) .
On the central and north coast of BC (aka Great Bear Rainforest), an ecosystem-based management (EBM) approach was adopted for land use plans covering a 7.5 million ha area (Coast Information Team 2004) . Under EBM, at least 15% stand-level retention must be left at the time of harvest within the context of a high proportion of landscape reserves and protected areas (i.e. about 70% of the natural range of old-growth forest will be reserved). Higher stand-level retention percentages apply to certain riparian and wetland ecosystems (Province of BC 2016 
Adaptive management and monitoring
In this section, we review the major adaptive management (AM) and monitoring initiatives underway in BC to evaluate the outcomes of VR and other practices associated with ecologically based management. Many of the BC studies reviewed in this paper section four arise from these programs.
The Forest Project/Coast Forest Strategy
The 'Forest Project' was a multi-faceted initiative by MacMillan Bloedel, created in response to the issues of clearcutting and old-growth conservation (Coady 2000) . The project included ecological, economic and social components designed to create a 'social license' to operate with a largely old-growth timber supply. The ecological component addressed public concerns about clearcutting, old-growth and biodiversity conservation by adopting variable retention, reserving more old-growth using a landscape zoning scheme and designing an adaptive management program (Bunnell and Dunsworth 2009) . Before 1998, the variable retention approach had never been attempted in BC on an industrial scale and as such was a grand experiment. The adoption of VR within a 5-year phase-in period required rapid adjustments in planning, harvest operations and silviculture practices. A primary objective was to sustain biological diversity throughout the company's private and public lands. An estimated 175 native terrestrial vertebrates potentially breed on these lands, plus an unknown number of other organisms (Bunnell et al. 1998 ). Retention of these organisms, while harvesting the wide range of tree species, is the ultimate test of the goal to sustain biodiversity. The Forest Project team recognized that the novel approach required AM, including a cost-effective monitoring program. AM is a structured approach to learning from operational practices, monitoring and experiments to provide feedback to management and continual improvement (Holling 1978) .
The strategy for maintaining biological diversity included two key elements: variable retention and landscape zoning. Stewardship zones varied in harvesting intensity and landscape-level reserves. The AM framework was structured with a criterion and indicators (Bunnell and Dunsworth 2009 ). The criterion was 'biodiversity is sustained within the 1.1 million ha coastal forest tenure'. The indicators of success were:
1. Representation. Ecologically distinct ecosystem types are represented in the non-harvestable land base of the tenure to maintain lesser known species and ecological functions. 2. Structure. The amount, distribution and heterogeneity of stand and forest structures important to sustaining native species richness are maintained over time. 3. Species. The abundance, distribution and reproductive success of native species are not substantially reduced by forest practices.
The focus of the AM program was structured learning-answering key strategic and tactical questions. Learning was primarily through operational and experimental comparisons that informed the key questions, as described in detail by Bunnell and Dunsworth (2009) . Although the AM program included monitoring of operational sites, experimental sites were established to facilitate quicker learning and to provide a series of comparisons with greater control of confounding variables. The experiments are known as the Variable Retention Adaptive Management (VRAM) sites (Beese et al. 2005) .
The experimental design for the VRAM areas consists of three replicates for each of five comparisons (Additional file 1: Figure A1 ). Each VRAM site consists of four or five treatments, each applied to a 20 ha area: two or three VR options, plus clearcut and uncut areas. Each VRAM site requires an area of 80 to 100 ha that is as uniform as possible in timber type, plant associations and topographic features. Treatments were randomly allocated to blocks before field layout. Nine of the 15 planned VRAM sites were completed by 2005; three compare group (aggregate) retention percentage (Goat Island, Hoodoo, Tsitika), two compare group size (Cluxewe, Klanawa), two compare riparian retention (Lewis Lake, Moakwa), one compares dispersed retention percentage (Horseshoe Lake, Fig. 3 ) and one compares the size and timing of group removal (Memekay); see Additional file 1: Table A1 . Due to company ownership changes and economic conditions, no further VRAM sites have been established. Company biologists collaborated with academic and government scientists to support research, and a group of international scientists provided advice on the AM program implementation. Forestry and Biodiversity (Bunnell and Dunsworth 2009 ) provides a comprehensive description of this case study.
The Forest Strategy-ongoing implementation by Western Forest Products Inc.
The original Forest Project/Coast Forest Strategy zoning scheme was modified after company mergers substantially changed the land base, now managed by Western Forest Products Inc. (Western) . The basic principles applied to zoning were (1) to have a range of emphases on timber production and biodiversity conservation across the zones and (2) to use ecosystem characteristics to guide objectives and practices. The zones use broad ecological units (ecosections), landscape objectives under the Vancouver Island Land Use Plan (BC Integrated Land Management Bureau 2000) and biogeoclimatic subzones (Klinka et al. 1991 ) as a basis for assigning different proportions of the retention system and minimum levels of retention by zone. Landscapes with high windthrow hazard and a timber production emphasis have a target of 10% stand-level retention with at least 30% of harvesting meeting the retention system definition. In contrast, landscapes with low windthrow hazard, low levels of landscape reserves due to a long history of development and a high biodiversity value have targets of 20% stand-level retention and at least 70% use of the retention system. Western's Forest Stewardship Zones combine elements of different approaches implemented by predecessor companies (Deal 2005; Bunnell and Dunsworth 2009) . They are also similar in concept to the 'TRIAD' zoning approach (Hunter and Calhoun 1996) , whereby a forest area is divided into three zones with varying emphasis on conservation and intensive management. TRIAD zoning is growing in popularity within Canada as a means of fulfilling diverse objectives (Côté et al. 2010; MacLean et al. 2008; Montigny and MacLean 2006) .
Western monitors the achievement of targets for the percentage of harvest area completed using the retention system and the stand-level retention percentage for each of the Forest Stewardship Zones. Results are evaluated annually based on a 5-year rolling average. For 2014-2018, the company exceeded both targets for all zones. Percent retention system targets were exceeded by 5% to 17% among zones. Average stand-level retention for zones ranged from 27 to 33% against targets of 10% to 20%. Implementation monitoring is carried out on a 5-year interval unless a change occurs which warrants a more frequent sampling. The purpose of implementation monitoring, using random field checks, is to ensure the intent of retention is being met. A LiDAR-based tool has been developed to calculate the percent forest influence for each cutblock (i.e. the area within one tree length of a timber edge)-a key 'rule of thumb' metric for the retention system.
Other special land use plans in BC
Other AM and monitoring initiatives in coastal BC include the Clayoquot Sound region, managed under the Clayoquot Scientific Panel recommendations (CSP 1995) , the Great Bear Rainforest managed under ecosystembased management guidelines (Price et al. 2009 ) and Taan Forest in Haida Gwaii. Forests in Clayoquot have been managed by First Nations owned forest companies (Iisaak Forest Resources Ltd., MaMook Natural Resources Limited) created after the CSP. Monitoring activities have included windthrow and residual stand damage, and the distribution and abundance of wildlife trees, coarse woody debris and native plants; unfortunately, monitoring has been very limited (Bunsha 2012) . Through the Coastal Stewardship Network, First Nations in the Great Bear Rainforest are engaged in collaborative monitoring activities using traditional Nation-based Guardian Watchman programs (Coast Funds 2019). A regional monitoring strategy was developed to collect standardized field data that feeds into a database for the entire land use plan area, largely focused on the marine environment and stream habitat. Taan Forest and BC Timber Sales have a monitoring program supporting FSC certification in Haida Gwaii. Stand-level biodiversity indicators include attributes such as retention level, retention patch size and coarse woody debris.
Forest and Range Evaluation Program
The Forest and Range Evaluation Program (FREP) monitors forest practices in BC under the Forest and Range Practices Act (BC-FRPA 2002) . There are 11 resource values (e.g. biodiversity, cultural heritage, recreation, soils, timber, visual quality, water) identified under FRPA, and FREP has the responsibility for implementation and effectiveness monitoring for these values. FREP is a foundational element of the results-based approach in FRPA by providing science-based evidence to guide continual improvement of practices, policies and legislation (FREP 2016) . Monitoring protocols have been developed for most resource values, including stand-level biodiversity. Field data are collected by government field staff from randomly selected, recently harvested cutblocks. Data includes the quality and quantity of tree retention and coarse woody debris.
Review of key findings from monitoring and research
Research and monitoring of indicator (focal) species are used to assess whether or not strategies for leaving representative unmanaged areas and habitat structures actually result in viable populations of forest-dwelling species. Informative focal species are forest-dwelling, sensitive to forest practices, practical to monitor and provide information that can guide management Dunsworth 2004, 2009) . A review of the biodiversity aspects of retention from 214 studies found beneficial effects of tree retention on species diversity compared to clearcutting (Rosenvald and Lõhmus 2008) . A growing number of studies are documenting significant benefits of the VR approach (e.g. Baker et al. 2013 Baker et al. , 2015 . A metaanalysis of 78 studies comparing retention harvests with clearcuts found that retention cutblocks supported higher richness and a greater abundance of forest species than clearcuts (Fedrowitz et al. 2014) ; however, retention cutting had negative impacts on some species compared to uncut forest. Here, we review key findings from studies in BC and adjacent US states, including some as yet unpublished results from the VRAM experiments. Unless otherwise noted, percent retention refers to area when referring to aggregated (group) retention and basal area when referring to dispersed (single tree) retention.
Structural retention and habitat attributes
Monitoring of VRAM sites and operational cutblocks by Western and predecessor companies have documented the structural attributes (i.e. biological legacies and specific habitat elements) provided by retention in relation to benchmark natural forests in coastal BC. Long-term retention in operational cutblocks (reported annually and verified with a random sample) averaged over 20%, primarily designed as aggregated or mixed retention (Beese et al. 2003) . Stand-level retention ranged from 5 to 55% during VR phase-in, with almost 75% of cutblocks in the 11-30% range (Bunnell and Dunsworth 2009) . From 1999 to 2005, transects were established to monitor retained vegetation structure in 193 VR blocks, 98 uncut sites and 52 other sites (Huggard et al. 2009b) . Measured structural elements included live trees; snags (dead standing trees) and coarse woody debris (species, diameter, height and decay class); cover layers (canopy, small tree, shrub, herb, moss, litter and mineral soil); and dominant shrub and herb species (Huggard et al. 2009a ; see Additional file 1: Appendix B for methodology). Detailed analyses examined 63 different habitat elements. Initial comparisons assessed whether retention patches provide similar levels of attributes to those found in unlogged (benchmark) forests. Overall, retention tended to have lower levels of some important elements, especially large trees, total basal area and some vegetation layers, compared to benchmark sites in the same biogeoclimatic unit (Huggard et al. 2009b ). Snag density was lower for benchmark sites than retention patches in drier biogeoclimatic subzones, but higher for benchmark sites than retention patches in wetter subzones. In some areas, tall snags were less common in retention patches, especially near the edges, because of removal of hazard trees during harvesting. The abundance of live and dead tree habitat elements was proportional to percent retention for aggregated retention, which had higher amounts of many elements compared to dispersed retention (Huggard et al. 2009b ). Cutblocks were resampled to assess five-year post-harvest changes. Standing tree density in retention declined about 20% over 5 years due to windthrow and other mortality. Both growth and mortality rates of trees were higher on the edges of retention patches, mostly within 10 m of the edge, with some effects up to 20 m into the patch. Other than for small trees, tree mortality was similar in dispersed and aggregated retention (Huggard 2005 (Huggard , 2006 . Postharvest structure sampling was completed for two VRAM experimental sites in 2006, representing different amounts of dispersed (Lois/Horseshoe Lake) and aggregated (Tsitika) retention (Additional file 1: Table B2 ).
Densmore (2011) completed a detailed analysis of FREP stand-level biodiversity monitoring on over 400 cutblocks from 2006 to 2009 for the major biogeoclimatic subzones of the BC coast. Average retention was 22.8% of the total gross area of the sampled cutblocks. Quality of retention, as measured by large snags, large live trees and number of tree species, was consistently high for all but one of the six subzones. The volume of coarse woody debris in harvested areas was equal or greater to baseline amounts in retained patches; however, piece size was lower than the baseline for half of the subzones.
For the South Coast and West Coast Regions, FREP monitoring of cutblocks harvested from 2007 to 2014 found that 94-97% met the 3.5% minimum retention level with average retention over 20% and 17%, respectively. Density of large diameter live and dead trees in retention was typically below baseline levels for wetter biogeoclimatic subzones but similar to unlogged baseline data for drier subzones on the mainland coast. The volume of coarse woody debris on cutblocks was similar or somewhat higher than the baseline for most subzones, although the contribution of large diameter stems was somewhat lower in some units (FREP 2016) .
In Haida Gwaii, results from FREP monitoring of Taan Forest for 33 cutblocks between 2006 and 2010 showed an average of 13% stand-level retention; this increased to 27% for ten cutblocks assessed between , and 34% for 2016 (Taan Forest 2018 . Other indicators of stand-level biodiversity that were monitored but are not reported here are average patch size, the amount of large snags and coarse woody debris relative to natural benchmarks and percent windthrow.
In neighboring Washington and Oregon, the Demonstration of Ecosystem Management Options (DEMO) study characterized structural differences among variable retention treatments and found that they were highly influenced by initial stand conditions ). Dispersed treatments maintained significantly greater canopy cover than aggregated treatments at the same retention level. A retrospective study of structural attributes retained by partial cutting over the past century in southeast Alaska found that a tree species composition similar to that in uncut old-growth stands was maintained (Deal and Tappeiner 2002) . It is easier to maintain a range of stand attributes more similar to pre-harvest conditions using aggregated retention than with dispersed retention.
Wind damage to retention and cutblock edges
Wind damage has the potential to significantly alter stand structure in the initial years following variable retention harvesting. The maritime, hypermaritime and montane rainforest ecosystems of coastal Washington, BC and Alaska experience a strongly seasonal climate with mild, dry summers and wet windy winters. Largescale counter-clockwise-rotating extratropical cyclones which form over the Pacific Ocean produce strong southerly winds as they reach the coast, and northwest winds as they cross inland. Orographic effects lead to very heavy precipitation as these systems cross the coastal mountain ranges. Wind damage from uprooting (windthrow) and breakage of trees is a major and recurrent natural disturbance process in coastal rainforests, ranging from individual tree to whole-stand replacement (Mitchell 2013) . Nowacki and Kramer (1998) describe recurrent storm-induced whole stand replacement in coastal Alaska, which leads to distinctive soil chemistry and microtopography (Bormann et al. 1995; Kramer et al. 2001 Kramer et al. , 2004 Leckie et al. 2004) .
Trees which are abruptly exposed by harvesting of adjacent trees are vulnerable to damage from annual winter storms, and monitoring of operational cutblocks and VR trials reveals the impact of harvest intensity and arrangement (Table 1) . Across these studies, windthrow ranges from 2 to 53% of retained trees. Damage increases as harvesting intensity increases, and is higher in smaller aggregates than in larger ones. Wind damage varies regionally, with high rates of loss in Haida Gwaii and the exposed west coast of Vancouver Island and lower rates in the more sheltered inland biogeoclimatic zones (Steventon 2011) . Local variation in stand and site conditions also influence damage rates. In Clayoquot Sound, Scott and Mitchell (2005) reported that the likelihood of being windthrown increased with mean annual wind speed and soil conditions. Windthrow decreased with greater depth of permeable soil, and was lower on mineral soil than on organic soil. There were no differences in windthrow levels between uniform or multi-storied stands. Trees with small live crown ratios and greater slenderness were more vulnerable to damage. The latter result was also found by Byrne and Mitchell (2013) Beese (2001) observed that a high wind event 7 years following harvest caused substantial damage to the patches and clear-cut edges. Beese et al. (2019) conducted windthrow monitoring of 172 VR cutblocks occurred throughout Western Forest Products' BC coastal operations over a 6-year period from southern Vancouver Island (VI) to Haida Gwaii (Queen Charlotte Islands). They found that windward-facing cutblock edges were more vulnerable to windthrow than other boundary exposures and damage differed significantly among biogeoclimatic subzones. Topographically exposed locations such as ridge crests and upper slopes experienced more wind damage than middle and lower slopes. The amount of wind damage also increased with increasing stand height and fetch distance. Contrary to many studies, windthrow increased with soil depth-a finding the authors attributed to stand height superseding soil factors as a causal agent for windthrow over a broad landscape. The distance that windthrow penetrated a stand edge was affected by some of the same factors as percent damage. Penetration along cutblock edges varied regionally from 6 to 20 m. The results suggest that designing variable retention for local site, stand and wind exposure conditions can reduce the potential for wind damage.
Effects on tree growth and understory vegetation
The greatest impacts on early growth of residual trees are from mortality due to wind damage and from wounding during harvesting. Impacts from both sources are typically greater for dispersed retention than for aggregated retention or group removal (Phillips 1996; Aubry et al. 2004) . Studies in southeast Alaska found that dispersed retention resulted in greater tree wounding during timber harvesting than aggregated retention or group selection (McClellan and Hennon 2005); however, a decay projection model estimated that volume losses at the end of an 80-year rotation would be minimal (Hennon and DeMars 1997). Wind damage has more significant impacts on residual trees in coastal BC than tree wounding during harvesting.
The main silvicultural concern about variable retention is the potential impact on future stand growth. Permanent Percent damage to retained stems within plots, entire aggregates or a defined strip along larger aggregates; percentages show the average and (range) among study areas or treatments for the cited studies plots were established on VRAM sites and supplemental areas to measure the impact of the amount and spatial distribution of retention on tree growth. An innovative 'sector' sampling scheme was developed in order to obtain a proportional sample of retained aggregates and surrounding cut areas (Iles and Smith 2006) . A model was developed (N.J. Smith, pers. com.) that tracks growing season light and moisture to predict growth for western hemlock and Douglas-fir. Findings to date suggest that most of the impact of aggregated retention on growth of regenerating trees is restricted to 10 m from the stand edge into the opening. Growth was highly correlated with surficial moisture, suggesting that the impact of residual trees on regeneration is due to moisture competition rather than shading. For a given retention level, as measured by percent canopy, growth impacts on regeneration were greater for dispersed retention than aggregated retention (N. J. Smith, unpublished data). For the VRAM dispersed retention comparison, Douglasfir basal diameter growth was reduced 5 to 6 years after planting under 30% dispersed retention compared to a clearcut, but not for 5-15% dispersed retention (Smith and Beese 2012) . Ten-year results from planted regeneration studies at the MASS study in coastal BC found reduced growth compared to clearcutting for amabilis fir and western hemlock in a shelterwood with 25% residual basal area, but little impact on growth for 5% dispersed retention and 1.5 ha patch cut treatments (Mitchell et al. 2007 ). Growth rates of regeneration 10 years after single tree and group selection in western hemlock-amabilis fir oldgrowth stand on the west coast of Vancouver Island were greater for group selection than single tree selection, where initial volume removal was 25% for both systems (D' Anjou 2003) . At the DEMO sites in Washington and Oregon, a study comparing the effects of different levels and patterns of retention on planted and naturally regenerating conifers found that after 12 years dispersed retention reduced growth of planted Douglas-fir and other species more than aggregated retention for a given retention level, and dispersed treatments had greater density of natural regeneration (Urgenson et al. 2013 ). Examining edge effects at DEMO after 20 years, Whyte and Halpern (2019) found that density of natural conifer regeneration increased with closer proximity to the edge of aggregates and unharvested forest edges, but height tended to decrease closer to edges, although there was variation in response among conifer species and age of regeneration.
Monitoring of VRAM sites and operational cutblocks documented changes to understory vegetation 5 years after harvesting (Huggard 2005 (Huggard , 2006 . Attributes measured on transects within dispersed retention areas, up to 50 m into retained aggregates and 50 m into adjacent cut areas included height and cover of dominant shrubs, herbs and moss (Additional file 1: Appendix B, Figure B1 , B2 and Table B1 ). In general, aggregated retention maintained vegetation elements that were more similar to uncut benchmark sites than did dispersed retention. Edge effects on herb and shrub layers within aggregates and adjacent cut areas were minor, and were concentrated within 10 m of the stand edge. Shrub cover in cut areas, with or without dispersed retention, was about 70% less compared to retained aggregates and benchmarks. Herb and moss cover was similar for retention aggregates compared to uncut benchmarks. Herb cover was reduced initially in cut areas and moss was almost eliminated. Dispersed retention, which was practiced primarily in drier biogeoclimatic units (i.e. Coastal Douglas Fir zone; and Coastal Western Hemlock (CWH) zone, very dry maritime, dry maritime and moist maritime subzones; Klinka et al. 1991) generally had higher levels of mineral soil exposure than the cut areas of aggregated retention sites.
Early results from permanent understory vegetation plots at the MASS study near Campbell River found that a shelterwood with 25% basal area retention had greater post-harvest abundance (frequency per replicate) of understory trees, shrubs and bryophytes compared to a clearcut; patch cut (1.5 ha cut areas) and dispersed retention (5% basal area) treatments were not significantly different from the clearcut (Beese and Bryant 1999) . Richness, diversity (Shannon-Wiener H′) and evenness did not differ significantly pre-or post-harvest among treatments. A postharvest decline in species associated with undisturbed forests and increase in early seral species was least pronounced in the shelterwood treatment, thereby maintaining the greatest similarity to the old-growth control in terms of overall species and life-form composition. Species gains exceeded losses on treatment plots; however, bryophytes and herbs (e.g. orchids, lilies) that prefer moist, shaded habitats generally decreased after harvesting. Fifteen-year results from the same study at MASS (Beese et al. 2009, unpublished data 2 ) showed no significant differences in diversity measures among treatments, but shelterwood, patch cut and dispersed retention treatments had greater diversity at 15-year post-harvest than preharvest (p < 0.05). Retention studies in many forest types report increased species richness or diversity after harvesting from and influx of early-seral species in cut areas plus species maintained from the pre-harvest stand (e.g. Halpern et al. 2012; Roberts et al. 2016; Lilles et al. 2018) , but not in all cases (Craig and Macdonald 2009) .
Of the primary issues associated with biodiversity and forest harvesting, of greater concern than overall diversity is the impact on species associated with older forests. Herbs whose presence decreased with disturbance at MASS were mostly Orchidaceae (Platanthera dilatata, Listera caurina) and Pyrolaceae (Moneses uniflora, Orthilia secunda, Chimaphila menziesii), which prefer moist, shaded habitats. At the DEMO study areas in Oregon and Washington, Halpern et al. (2012) found that late-seral herbs were sensitive to both the amount and pattern (aggregated vs. dispersed) of retention. They observed local extirpation of late-seral associated herbs was greatest in the harvested areas between aggregates and at the lowest level of dispersed retention (15%).
Bryophytes decreased after harvesting at both MASS and DEMO . By year 15, several bryophytes that were reduced after harvesting at MASS began to recover. In a BC interior cedar-hemlock forest, Lilles et al. (2018) documented that recovery of non-vascular plants over a 24-year period increased with retention level. The bryophyte study at MASS was limited to about 20 species that occur on forest floor and mineral soil. Much of the diversity in bryophytes, particularly liverworts, is associated with decaying wood and lower tree trunkshabitats that are lost or significantly altered after forest harvesting (Baldwin and Bradfield 2005) . Aubry et al. (2009) suggest that retaining trees in 1 ha aggregates can provide short-term refugia for late-seral herbs and bryophytes, but note the susceptibility of aggregates to edge effects. Other studies suggest that fungi and lichens have more species associated with old forests and are of greater concern for losses from harvesting (Sillett et al. 2000; Coxson and Stevenson 2007; Molina et al. 2001; Trofymow et al. 2003) .
Effects on birds
On the BC coast, aggregated retention was found to be beneficial for bird species typically found in uncut forests, and bird occurrence was positively correlated with percent retention (Preston and Harestad 2007) . Overall results to date from bird studies at VRAM sites show that all guilds (groups of species with similar habitat preference) and about one-third of individual bird species were affected by retention level (Chan-McLeod 2008) . Mature-forest dwelling species were generally more abundant at higher VRAM retention levels compared to 10% retention or clearcuts. Removal of 31% of the original forest in various aggregate sizes (69% retention, at Memekay VRAM) had little impact on forest bird communities. Dispersed retention levels of 5% to 10% showed no significant overall difference in bird abundance from clearcuts, which favored shrub nesters and 'open' habitat species. Aggregate size appeared to have an impact on some species, with large aggregates (1 ha) preferred over small-to medium-size aggregates (0.25 to 0.5 ha), although results with retention type and level were highly variable. In Australia, a study designed to test the impact of aggregate size on birds found no significant size effects on bird species richness when comparing retention of three 0.5 ha aggregates to one 1.5 ha aggregate (Lindenmayer et al. 2015) . Huggard and Bunnell (2007, extension brochure 3 ) examined study results for 69 species of birds and concluded that many less-sensitive species decreased substantially below 15% to 20% retention, and some sensitive species declined more abruptly below 35% to 40% retention. A meta-analysis of studies comparing green tree retention levels up to 50% did not demonstrate statistical differences in species richness and abundance for a variety of taxa among four classes of retention level because of high variability (Rosenvald and Lõhmus 2008) ; however, this review found a positive relationship between persistence of several species groups and tree density in about twothirds of the relevant studies and retention pattern in half of the studies. Fedrowitz et al. (2014) found that pattern of retention (dispersed vs. aggregated) had no effect on the differences between clearcuts and retention cuts, although they noted that limited data was a factor in their analysis. A recent meta-analysis of 30 studies on the response of bird guilds to retention (Basile et al. 2019) found no differences in overall species richness and abundance between retention and uncut forest; however, for forest specialist birds, their findings suggest that 40-60% retention may be needed to maintain the same bird assemblage found in unharvested forests.
In southeast Alaska, DellaSala et al. (1996) studied forest bird response to treatment of young forests (thinning and gap creation) and compared bird abundance in young forests to old-growth. Although the study did not examine variable retention, the findings are relevant. They recommended leaving patches of old forest during harvesting to enhance habitat of breeding and wintering birds associated with old-growth. Three of 16 common breeding birds were more abundant in old-growth than in treated or untreated young forests: Red-breasted Sapsucker, Pacificslope Flycatcher and Golden-crowned Kinglet. Brown Creeper had a low frequency of detection but was found exclusively in old forests. Higher use of old-growth by wintering birds, such as the Golden-crowned Kinglet, was related to winter severity because of snow interception by old-growth canopies (Kirchoff and Schoen 1987) . Similarly, at high elevations on eastern Vancouver Island, Beese and Bryant (1999) found 85% of winter resident birds in retention aggregates and unharvested old-growth. DellaSala et al. (1996) observed that four bird species were negatively associated with old-growth and others did not differ between young and old forest, which illustrates the fact that not all bird species will benefit from retention. In Washington and Oregon, a study of small passerine birds at the DEMO sites comparing different levels and patterns of retention found that species richness declined significantly 1-3 years after logging for the lowest level (15%) of both aggregated and dispersed retention (Wilk 2019) . Post-harvest Shannon-Weiner diversity was higher for 15% aggregated vs. dispersed retention. Treatment response varied for canopy, cavity-nesting and understory species.
Effects on other vertebrates
Besides birds, the vertebrates most sensitive to standlevel effects from forest harvesting are small mammals (Bunnell and Dunsworth 2009) . Studies of the effect of variable retention on voles in Douglas-fir-lodgepole pine stands in the southern interior of BC found that retention maintained habitat for southern red-backed voles (Myodes gapperi), a species found in mature and old forest (Sullivan and Sullivan 2011) . Aggregated retention maintained red-backed vole populations similar to uncut forest 20 years after harvesting, but dispersed retention did not (Sullivan and Sullivan 2018) . Compared to clearcuts, dispersed retention (73-127 trees/ha of overstory, > 10-20 m height) did not have significantly lower populations of Microtus spp., a genus of voles responsible for feeding damage on seedlings from elevated populations in herb and shrub dominated habitat after harvesting. Sullivan and Sullivan (2011) suggest that higher levels of retention are needed (i.e. enough to suppress understory vegetation) in order to help reduce outbreaks of small mammal damage to tree regeneration. At the DEMO study sites, Gitzen et al. (2007) found that the similarity in relative abundance of 12 small mammal species between harvested areas and uncut forest decreased with decreasing amounts of retention. Capture rates, however, were similar for both aggregated and dispersed retention, and responses among early-and late-successional species were not always as predicted. For the northern flying squirrel, a study at DEMO found that squirrel numbers were higher for uncut forest and 75% retention treatments than lower levels of retention (40% and 15%), supporting previous studies showing their sensitivity to forest harvesting (Holloway et al. 2012) .
The impact of forest harvesting on species that are sensitive to microclimatic changes and are less mobile is an important aspect of biodiversity conservation that was investigated on VRAM sites and operational cutblocks (e.g. amphibians; also carabid beetles and gastropods, see below). Wind (2008) examined the effects of harvesting and buffers on amphibian use of small wetlands. Four amphibian species were found breeding in small ponds: longtoed salamander, rough-skinned newt, Pacific chorus frog and red-legged frog. Two and three years after harvesting, all four species have continued breeding at small wetlands at each site and standing water has persisted longer in the season than before harvesting. Frogs utilized more wetlands for breeding after harvesting than before harvesting. Wetlands with no canopy cover appeared to have a greater influx of breeding post-harvest than wetlands with retention. Based on these findings, a field card for identifying important wetland sites was developed (Wind and Beese 2008) . Maguire et al. (2005b) did not find a relationship among four species of salamanders and level and pattern of tree retention at the DEMO study; however, salamander abundance was positively correlated to high levels of coarse woody debris and herbaceous cover.
Effects on invertebrates and below-ground diversity Invertebrates
Carabid (ground-dwelling) beetles have been widely used as indicators of environmental change due to their rapid response to disturbance and a high degree of habitat specialization (Pearce and Venier 2006) . Monitoring of carabid beetle response to variable retention harvesting has occurred in coastal and northern BC. One year after harvest at the Tsitika VRAM site (Additional file 1: Figure A1 ), aggregated retention maintained carabid beetle communities similar to those found in uncut (old-growth) stands, with community similarity, relative to the uncut condition, increasing with retention level (Additional file 1: Figure C1 , from Pearsall 2008, unpublished data 4 ). This pattern also developed shortly after harvest in aggregated retention sites in Picea engelmannii x glauca-Abies lasiocarpa forests in northern BC near Smithers (Lemieux and Lindgren 2004) . At Tsitika, these patterns were largely driven by the loss of the forest specialist Scaphinotus angusticollis with increased tree removal. However, 6 years after harvest, carabid community diversity metrics were similar across clearcut, aggregated retention and old-growth sampling locations, and lower overall distances in cluster analysis indicated similar community structure among treatments (Additional file 1: Figure C1 ). Thus, carabid communities at this site appeared to recover regardless of retention level, though the loss of Zacotus matthewsii, an oldgrowth specialist, was noted at all treatments (Pearsall 2008, unpublished data 4 ). Some inconsistencies in the effects of variable retention harvesting on carabid populations were found at some VRAM sites, most likely attributable to site differences and post-harvest windthrow. Four years after harvest at a VRAM aggregated retention site (Goat Island), the 10% retention area showed high carabid community similarity to the uncut second growth control, whereas the 20% and 30% retention areas (which experienced high levels of windthrow damage) had carabid communities more similar to the clearcut. Despite this, carabid beetle samples collected within or at the edge of retention patches clustered together and separately from the cut matrix samples, suggesting that aggregates maintained carabid communities distinct from those found in cut areas (Additional file 1: Figure C2 , Pearsall 2009 5 ). Three years after harvest at a riparian aggregated retention VRAM site (Lewis Lake), the samples from the 15% site showed more similarity to the uncut second growth than the 50% site, which was located on a dry site at the crest of a hill (Additional file 1: Figure C3 ). At the Moakwa riparian retention VRAM site, both retention levels (15% and 50%) were largely unsuccessful at maintaining mature-forest carabids (Additional file 1: Figure C4) . Importantly, the old-growth control stand at Moakwa had high abundance of oldgrowth specialists Z. matthewsii, Scaphinotus johnsoni and other forest specialists, which may have driven site separation between cut areas and the uncut stand. Despite the limited efficacy of retention patches at Moakwa for maintaining mature forest carabids, there was evidence of life-boating at this site; the forest specialist S. angusticollis was more abundant in the cut areas of retention treatments relative to the clearcut treatment (Pearsall and Beese 2009 ).
The effect of aggregate size on carabid beetles was investigated on operational cutblocks and on two VRAM group size comparison sites on western (Klanawa, SW of Pt. Alberni) and northern (Cluxewe, near Pt. McNeill) Vancouver Island from 1 to 6 years post-harvest (Pearsall 2007) . For both old-growth and second-growth forests, there were higher total catches per trap of forest specialist carabids in larger aggregates (0.8-1.4 ha) than in smaller aggregates (0.1-0.4 ha). Old-growth retention aggregates were generally successful at retaining forest specialists, while small second-growth aggregates were very poor at retaining species such as Pterostichus crenicollis, S. angusticollis and Z. matthewsii. Species-aggregate area curves for these three forest specialists showed a positive response to aggregate size for P. crenicollis and S. angusticollis, but not Z. matthewsii (Additional file 1: Figure C6 , C7 and C8, from Pearsall 2007).
While aggregated retention has shown varied success for carabid beetles, monitoring of dispersed retention sites in coastal BC has demonstrated this method of harvesting may be unsuitable for retention of carabid beetles. At a dispersed retention VRAM site (Fig. 3 , Additional file 1: Figure A1 ), clearcut and dispersed retention treatments shared a similar carabid community composition 1 year after harvest, with abundance declining in these treatments, but not in uncut stands, 6 years after harvest (Additional file 1: Figure C5 , Pearsall 2008, unpublished data 4 ). Gastropods are particularly sensitive to harvest due to their limited dispersal ability and strict moisture requirements. The response of gastropods to VR harvesting was assessed at six VRAM sites (Ovaska et al. 2016) . The abundance of Pristoloma species, small snails (as a group), Haplotrema vancouverense and Striatura pugetensis was lower in all harvesting treatments after 2 to 4 years, relative to pre-harvest and uncut controls at four VRAM sites with varying levels of retained aggregates, showing no benefit over clearcutting. Similarly, at the site shown in Fig. 3 , the three levels of dispersed retention reduced the abundance of five gastropods and all small snails relative to the control. However, the highest dispersed retention level (30%) showed higher abundance of some species (Planigyra clappi, Vertigo species and Vespericola columbianus) relative to the other harvested treatments. At a VRAM aggregate size comparison, the large aggregatesize treatment supported high abundances of Pristiloma species, S. pugetensis, and small snails combined, and had overall higher gastropod richness relative to the smallersized aggregates and the clearcut treatment (in most cases). Overall, larger aggregates (> 0.8 ha) anchored on riparian areas and high levels of dispersed retention (30%) are recommended for improved conservation of gastropods.
Soil biodiversity
Aggregated and dispersed retention harvesting has successfully maintained fungal communities, especially rootassociated ectomycorrhizal fungi, at several sites in coastal BC. At two sites on Vancouver Island, Outerbridge and Trofymow (2004) found increased ectomycorrhizal diversity and percent root colonization on the roots of planted Douglas-fir seedlings with increasing proximity to retention patches. At the dispersed retention VRAM site (Fig. 3) , using comparable methodology, Outerbridge and Trofymow (2009) found similar trends; they also concluded that increased retention levels had improved outcomes for ectomycorrhizal diversity. A multidisciplinary group of studies is examining soil microbial and faunal diversity and function in response to a wide range of silvicultural systems (Table 1 ; www.for.gov.bc.ca/hre/stems) at the STEMS research site on Vancouver Island (Grayston et al. 2005) . At STEMS2, Jones et al. (2008) found no differences in ectomycorrhizal fungal communities between uncut stands and a range of aggregate sizes (5-40 m in diameter), 4-6 months after harvest, but the influence of the patch in maintaining ectomycorrhizal diversity disappeared 10 m from the patch edge. However, 10 years after harvest at the STEMS1 research sites, Kranabetter et al. (2013) found reduced abundance and fruiting of ectomycorrhizal fungi in patch sizes < 20 m in diameter relative to uncut stands. These authors noted that although none of the patch sizes successfully maintained ectomycorrhizal diversity relative to continuous forest, the reductions in diversity were modest and populations of prominent fungi were stabilized in patch sizes of at least 0.2 ha. When considering all fungal guilds in decomposing fine roots, Philpott et al. (2018) found that 6 years after harvest at STEMS3, aggregated retention maintained fungal communities similar to those found in uncut stands, whereas fungal communities in the dispersed retention treatment were more similar to those found in the clearcut. However, rapid post-harvest recovery occurred regardless of harvest method at the STEMS1 site, where fungal community composition did not differ among retention, clearcut and uncut treatments 13 years after harvest.
The ability of variable retention harvesting to maintain overall belowground biodiversity has also been assessed at STEMS1 and STEMS3 using phospholipid fatty acid analysis (PLFA), a broad-scale microbial community profiling technique. Five years after harvest at STEMS 1, Dewi (2009) found increased abundance of fungal biomarkers in the forest floor of retention patches and in the dispersed retention treatment relative to the clearcut treatment. Fungal biomarkers declined with distance from aggregates, whereas microbial community structure was maintained evenly across the cutblock in the dispersed retention treatment. This same trend was also observed for total microbial biomass. Two years after harvest at STEMS3, Churchland (2013) found reductions in fungal biomarkers in the cut matrix surrounding retention patches, and in the dispersed retention treatment. Although these results are somewhat contradictory, the additional time since harvest in the Dewi (2009) study may have allowed for sufficient recovery of fungal communities in the dispersed retention treatment. Overall, these results indicate that dispersed retention is more effective at maintaining microbial communities over the entire treatment unit, likely due to overlap in root systems in this treatment, whereas benefits are restricted to within 10 m of aggregates.
Some benefits of aggregated retention for soil fauna (arthropods) have also been reported at STEMS. One year after harvest at STEMS2, most soil fauna showed no differences in abundance in samples taken from the patch centre, edge or in the cut matrix, but pauropods and soil mites declined with distance from retention patches (Grayston 2007, unpublished data 6 ). Collembolan communities in samples taken from the centre or the edge of patches were also similar to collembolan communities found pre-harvest. Importantly, most (95%) of the soil faunal population was found in the forest floor, with soil disturbance (exposed mineral soil) causing significant reductions in the abundance of symphylans, diptera larvae, pseudoscorpions, pauropods and collembola. Thus, aggregated retention likely benefits soil fauna by retaining an undisturbed forest floor, which may serve as refugia after harvest.
Public perception and visual aesthetics
Social acceptability of harvesting is an important consideration, particularly on public forest lands. Studies of public perceptions of clearcutting, VR and traditional silvicultural systems' effects on scenic beauty or visual quality in Pacific coastal forests show consistent trends. For a given retention level, treatments that leave dispersed individual trees receive consistently higher ratings than aggregated retention (Clausen and Schroeder 2004; Sheppard and Meitner 2005; Ribe 2009 ). Low levels of retention (under 15%) of any kind are generally perceived only slightly better than clearcutting.
Conclusions
What have we learned from variable retention implementation?
Many factors need to be considered when choosing stand-level practices to meet social, biological and economic goals. The final choice represents a balance among complementary and competing objectives. As such, it is not possible to determine precise and optimal figures for the proportion of different silvicultural systems, the amount of retention in each cutblock or the spatial distribution of retained aggregates or single trees. Nevertheless, such standards must be chosen based on the best available information, theoretical concepts and practical considerations. Experience over the past two decades in coastal BC suggests the following conclusions that are relevant for applying stand-level retention:
1. The landscape context determines what is necessary or appropriate for stand-level retention in relation to biodiversity conservation goals. 2. It is neither practical, nor likely even possible, to precisely mimic natural disturbance patterns. 3. Riparian networks are a governing factor for retention patterns because of existing reserve requirements and high-value habitat features for many forest organisms. 4. Wind damage is a significant challenge for dispersing stand-level retention, making aggregated retention or clearcutting with reserves the most viable options for some sites in windy landscapes. The potential long-term benefit of retention for enhancing diversity of live trees in future forests may be compromised by wind damage in some locations. 5. Retention provides habitat that allows for some forest-associated organisms to persist after harvesting (i.e. life-boating), with a positive correlation between retention amount and species persistence, greater benefits with aggregates compared to dispersed single trees for some species and some evidence for a positive correlation between aggregate size and species survival. 6. Growth impacts on forest regeneration increase with percent canopy retention, and greater dispersion of single trees or small aggregates. 7. Typical retention levels (under 25%) do little to distinguish VR from clearcutting in the eyes of the public unless trees are distributed as dispersed individuals or small aggregates.
We also learned a lot about the practical logistics of implementing VR. A preference for aggregated retention over dispersed retention for many habitat values aligns with safety and cost-efficiency (Zielke et al. 2008; Beese 2013) . Aside from the biological benefits of VR, marketplace demands and public perceptions are important influences on forestry practices that make retention a cost of doing business in many areas.
Is variable retention providing benefits for different organisms?
While VR does not benefit every organism, the studies described above indicate positive effects on many forestdwelling organisms compared to conventional clearcutting. An important caveat on these findings is the relatively short duration of most studies to date, raising the question of whether or not the apparent 'life-boating' effect for some species will persist, or whether or not some differences between regenerating areas of retention blocks and clearcuts will increase or diminish over time.
The follow-up question-'What amount and pattern of retention is appropriate for different species?'-is much more complex. There is no single answer to this question except, when faced with uncertainty, 'don't do the same thing everywhere' (Bunnell et al. 1999) . Different species require different habitats, so it is intuitive to keep the retention 'variable'. The amount and pattern of retention should be planned to suit the nature of the ecosystems, the objectives and the species involved.
In general, research results from early post-logging studies suggest that amount of retention is more important than pattern for many species (Maguire et al. 2005a; Fedrowitz et al. 2014 ). For a given retention level, however, the monitoring and research results described in this paper suggest that leaving aggregates (groups or larger patches of trees) has more ecological value (generally) for a range of organisms than leaving dispersed individual trees; it is also more feasible for forest harvesting. In mountainous areas exposed to severe winds, using clearcuts with adjacent reserves has been successful for reducing wind damage to retention. Monitoring birds, ground beetles, gastropods and other species groups has shown that retention can help many organisms survive and disperse in regrowth stands. There also appears to be a positive correlation between the size of the aggregates and the ecological benefits, but only for some species and ecosystems. While retaining forest that is representative of the original stand is important, exceptions should be made for features of unusual biological significance (e.g. swamps or other wetlands with forested buffers, rare habitat types, snags). For extreme wind-hazard areas, a minimum aggregate size of 1 ha is appropriate. In many stands, the location of riparian habitats, which are typically the most productive in the area, is the primary influence on the final amount and distribution of retention.
In forests where timber production is a major goal, both stand-level retention and landscape-level reserves facilitate biodiversity conservation across the landscape (Lindenmayer and Franklin 2002) . Neither approach alone is likely to be as effective or efficient as the two in combination (Bunnell et al. 1998 ). An essential element of a broad biodiversity conservation strategy is a network of protected areas and other reserves. The primary function of these landscape-level reserves is to represent the full range of ecosystems within the non-harvestable land base to maintain lesser known species and ecological processes (Kremsater et al. 2003) . Variable retention in the harvested 'matrix' between reserves may perform a complementary role for species that do not require forest interior conditions but rely on certain structural attributes. In fact, a fundamental premise of VR is that more species will thrive in the area if mature forest elements are distributed throughout the production-forest landscape rather than adding an equivalent amount of mature forest to the reserve system. For some birds, retaining 15% to 20% of the original forest distributed over a cutblock can maintain half the population abundance of the uncut forest condition; however, populations of other bird species decline proportionally or more rapidly as the percentage of suitable habitat is reduced (Huggard and Bunnell 2007 3 ). In other words, the habitat for some species may be improved significantly over a wider area than the sum of the retention area. For other species, adding a large patch to a reserve would have greater benefit than dispersing the equivalent forest area as retention.
The role of VR is particularly important in landscapes that are unlikely to have enough protected areas and reserves to maintain biodiversity on their own. At the other extreme, if a high proportion of a landscape is reserved, then stand-level retention may not be very important. Consequently, the higher the level of landscapelevel reserves, the less important VR or matrix management may be for sustaining viable populations of forest-dwelling species. Furthermore, there are many other factors to consider besides what to reserve from harvesting. Franklin et al. (2018) suggest that intermediate stand treatments to enhance heterogeneity, and recovery periods between regeneration harvests are equally important considerations as retention of biological legacies for an ecological forestry approach. Stand treatments may not be as important in landscapes with a lot of natural heterogeneity (e.g. having a mix of forest ages, productivity classes, wetlands and complex coastline), as is the case in many parts of coastal BC.
Ecosystems can be both resistant and resilient to changes from natural disturbances or cutting (Keenan and Kimmins 1993) . Multiple pathways and patterns can occur within the limits of ecosystem processes and the range of natural variation. Therefore, even though emulating nature has emerged as a forest management strategy for sustaining both products and biodiversity, it may not be necessary to attempt to truly mimic natural disturbances. The very nature of commercial forestry (i.e. removal of wood) makes precise imitation of natural disturbance impossible (Palik et al. 2002) . Unfortunately, past practices on the BC coast have had little regard for natural disturbances. Pearson (2010) estimated that stand-replacing natural disturbances affected 3.1% of the forested area over the past 140 years on BC's central coast. Although harvesting affected 5.4% of this same area overall, 59% of valley bottom areas were harvested, illustrating that both spatial pattern and scale must be considered when assessing the impact of forestry on ecosystems. Observation of the stand structures and patterns of stands across landscapes produced by natural disturbances provides potential models for the desired stand and landscape condition (e.g. Daniels and Gray 2006) , but it may not be practical or desirable to emulate the full range of the type, scale and severity of disturbances present. Simplification of natural structures and patterns may be necessary to improve the efficiency of management or to meet other societal objectives (Mitchell and Beese 2002) .
Should variable retention be used everywhere?
BC has a high diversity of forest ecosystems and disturbance regimes, as well as social and economic considerations that vary from place to place. Forest management practices need to vary in response to this diversity. No single harvesting or silvicultural system is appropriate everywhere. Clearcut, seed tree, retention, shelterwood or selection systems may be ecologically, economically and socially appropriate in the right context. Using a mixture of systems can help achieve a range of patch sizes and structures within stands and across landscapes. Nevertheless, the variable retention approach is intentionally broad enough to encompass a wide range of forest conditions, harvesting systems and regeneration requirements. Forest practitioners must choose the most appropriate silvicultural system, based on safety, ecological and operational factors. Perhaps most importantly, foresters must reconcile or balance the often competing goals of silviculture and biodiversity conservation. While the increase in stand-level retention in BC over the past 20 years is encouraging, the resistance to adoption of new terminology (i.e. the retention system rather than clearcut with reserves) is disappointing. Use of the retention system in silvicultural prescriptions is currently regional at best, with little use outside of the BC coast. The commitment in legislation to wildlife tree retention should be supported by silvicultural prescriptions that clearly articulate the long-term intent of such reserve trees.
How can we improve monitoring and adaptive management?
It is popular to recommend adaptive management, but does it work in practice? Unfortunately, most examples of applying formal adaptive management in natural resource management have failed because of three main problems:
(1) lack of funding for monitoring, (2) failure of decision makers to embrace the AM concept and (3) lack of leadership to sustain a complex process (paraphrased from Walters 2007) . Nevertheless, the Forest Strategy successfully closed the AM loop with changes to stewardship zones and VR guidelines as a result of monitoring (Beese 2013) . For example, guidelines for VR were updated to encourage greater use of larger aggregates, and zoning standards for stand-level retention were changed for windthrow-prone areas. Details on AM approaches and the challenges for implementation are discussed for a number of cases in natural resource management (e.g. Stankey et al. 2005; Greig et al. 2013 ). In the past 20 years, research and monitoring studies have obtained useful results to inform variable retention practices; however, many aspects of biological monitoring require longer time frames for assessment of impacts (Bunnell and Dunsworth 2009) . Monitoring species and forest structure are expected to provide data that will help us demonstrate sustainability and biodiversity conservation. Future challenges for forestry in BC include dealing with the uncertainties of climate change, survival in the world marketplace and our ability to adapt practices to meet changing goals and expectations. Applying adaptive management to these challenges requires a greater long-term funding commitment on the part of government and industry.
Monitoring is an essential part of AM and is composed of three main elements: implementation or performance (have you met the stated targets and standards?), effectiveness (have you achieved the desired outcomes?) and validation (are the assumptions correct?). Validation asks 'why' a practice or strategy is or is not working and also can be considered refinement monitoring or research. Linking monitoring back to management action is fundamental for an effective operational AM program. Unfortunately, much of the current monitoring in BC is simply implementation monitoring and needs to be refined to adequately address effectiveness and validation. More experimental installations like the VRAM sites are warranted as well as AM comparisons at the watershed scale.
Endnotes 1 For posterity, the authors note that Dr. Ken Lertzman (Simon Fraser University), a member of the Clayoquot Scientific Panel, came up with the term "variable retention" that was adopted by the CSP to replace "green tree retention", the term commonly used up to that point. Dr. Steve Mitchell (University of British Columbia) suggested the idea of making a distinction between the variable retention approach, which can be accomplished with modifications to traditional silvicultural systems, and a new "retention silvicultural system" designed specifically to meet the goals of variable retention. Western Forest Products Inc., Weyerhaeuser Company) . Other than the scientists and field personnel directly involved in the research, the funding bodies did not have a role in the design of the studies, in the collection, analysis, and interpretation of data, and in writing the manuscript.
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